We examined the chemical composition of extracellular polymeric substances (EPS) extracted from two natural microbial pellicle biofilms growing on acid mine drainage (AMD) solutions. The EPS obtained from a mid-developmental-stage biofilm (DS1) and a mature biofilm (DS2) were qualitatively and quantitatively compared. More than twice as much EPS was derived from DS2 as from DS1 (approximately 340 and 150 mg of EPS per g [dry weight] for DS2 and DS1, respectively). Composition analyses indicated the presence of carbohydrates, metals, proteins, and minor quantities of DNA and lipids, although the relative concentrations of these components were different for the two EPS samples. EPS from DS2 contained higher concentrations of metals and carbohydrates than EPS from DS1. Fe was the most abundant metal in both samples, accounting for about 73% of the total metal content, followed by Al, Mg, and Zn. The relative concentration profile for these metals resembled that for the AMD solution in which the biofilms grew, except for Si, Mn, and Co. Glycosyl composition analysis indicated that both EPS samples were composed primarily of galactose, glucose, heptose, rhamnose, and mannose, while the relative amounts of individual sugars were substantially different in DS1 and DS2. Additionally, carbohydrate linkage analysis revealed multiply linked heptose, galactose, glucose, mannose, and rhamnose, with some of the glucose in a 4-linked form. These results indicate that the biochemical composition of the EPS from these acidic biofilms is dependent on maturity and is controlled by the microbial communities, as well as the local geochemical environment.
In aqueous environments, microbial cells grow in association with surfaces, leading to the formation of biofilms, which are complex assemblages of microorganisms that are embedded in a matrix of extracellular polymeric substances (EPS) (13) . Biofilms are often considered problematic from the human perspective owing to the damage associated with their presence (rusting, dental plaque formation, and the disease cystic fibrosis) (8) . The focus of the present study is on microbial biofilms that are instrumental in the generation of acid mine drainage (AMD) (1, 10, 16, 20, 32) . The deleterious environmental effects of AMD necessitate research to characterize biofilm structure in such systems, which could provide insight into treatment approaches and environmental control.
The biofilm matrix facilitates structural organization and protects the microbial community (13) , and it plays a critical role in metal adsorption and immobilization (1, 4) . Given the great diversity of microbial communities that form biofilms, as well as the different environments that they inhabit, it is difficult to make generalizations about biofilm EPS structure and physiological function. Metal chelation by EPS is thought to be an important mechanism in the natural detoxification of heavy metal (e.g., As)-contaminated sites and hence is fundamentally important for their bioremediation (14, 15) . In order to better understand the nature and role of EPS in relation to metal binding, it is important to have a clear understanding of the actual sites, capacities, and mechanisms of metal adsorption. These factors are particularly relevant for the EPS in the AMD environment, where various metals are highly abundant.
Detailed composition analysis of an EPS is difficult, as EPS is often a complex mixture of proteins, carbohydrates, lipids, DNA, and humic acid substances (13) . Furthermore, even though carbohydrates have been identified as one of the major components of EPS, the biochemical properties of these compounds remain elusive due to their complex structures and unique monomer linkages (3, 17, 21, 24, 27, 36, 38) . The nature of carbohydrates within EPS is a dynamic function of the microbial community composition; this is reflected by the complexity of carbohydrates containing diverse sugar residues extracted from biofilm matrices (24, 38, 41) . Moreover, the role of polysaccharides in the development and function of biofilm matrices remains speculative.
The present study focused on the composition of EPS in environmental biofilms that grow at the solution-air interface in acid mine drainage (AMD) effluent in the Richmond Mine at Iron Mountain (Redding, CA). The geochemistry and microbial species composition of this site have been well described, which makes it an ideal natural model study system (12, 29, 37, 40) . The AMD at this site consists of sulfuric acid-rich solutions (pH ϳ1) containing submolar concentrations of Fe(II) and millimolar concentrations of various heavy metals, such as Zn, Cu, and As. Genomic analysis of the biofilms revealed that Leptospirillum group II dominates the community and that smaller amounts of Leptospirillum group III and several archaea are also present (23, 37) . The relative proportions of these microbes differ depending on the physical location and developmental stage of the biofilm (24, 38, 41) .
Despite extensive efforts to examine the biodiversity of these communities, little is known about their ecophysiology, and understanding the ecophysiology is essential for understanding how microbial consortia assemble and function in their natural habitats. One step toward this goal was a study in which molecular probes were used to examine the biofilm structure and microbial composition during development and organization (40) . In parallel, in this study we performed qualitative and comparative chemical analyses of the extracellular matrix in two biofilms at different developmental stages. Importantly, we highlight here how the EPS may affect the ecophysiology of the AMD community.
MATERIALS AND METHODS
Biofilm sampling. Biofilm samples were collected from the surface of AMD solutions in the Richmond Mine at Iron Mountain in northern California. These samples were immediately frozen in dry ice and then stored at Ϫ80°C until they were processed. Biofilms used in this study were obtained from the same site ("AB Muck") in May and August 2007 (29) .
EPS extraction. The protocol used for EPS preparation was modified from a previously described method (21) . Biofilm samples (ϳ15 ml) were thawed on ice and centrifuged at 15,000 ϫ g for 20 min. Each supernatant, which was the residual AMD solution, was saved. The biofilm pellets were resuspended in ϳ30 ml of a cold sulfuric acid solution (0.2 M sulfuric acid, pH 1.1), and the biofilm matrix was broken using a glass hand homogenizer tube and pestle (Wheaton Science Products, Millville, NJ). The cell suspension was stirred at 4°C for 3 h before centrifugation at 15,000 ϫ g for 20 min. The resulting supernatant, referred to below as the "EPS solution," which contained the total EPS of both the colloidal and capsular fractions, was saved and used for further analysis. The EPS dry weight was calculated by subtracting the cell pellet (after the first centrifugation) dry weight from the biofilm dry weight.
Chemical composition analysis. Fourier transform infrared (FTIR) spectroscopy was performed with ethanol-precipitated and dried EPS samples. Initially, EPS was precipitated by adding 3 volumes of 100% cold ethanol and incubated on ice for 2 h. The precipitates were then centrifuged at 17,500 ϫ g for 20 min at 4°C and dried in an oven at 50°C overnight. FTIR spectroscopy was performed with a PE Spectrum GX FTIR system in attenuated total reflection (ATR) mode using a Split Pea (Harrick Scientific Corporation, United States). A pressure applicator was used to hold the samples firmly against the ATR crystal during the scans.
To measure the total protein content, trichloroacetic acid (TCA) (final concentration, 12%) was added to the EPS solution, and the mixture was incubated on ice for 30 min before centrifugation at 15,000 ϫ g for 20 min. The TCA precipitates were washed twice with 10 ml acetone and resuspended in 2 ml of 2-N-morpholinoethanesulfonic acid (MES) buffer (pH 5.0). The protein content was measured using the Bradford assay (Bio-Rad, Hercules, CA) with bovine serum albumin (BSA) as the calibration standard.
The total DNA content in an EPS solution was measured after extraction with 3 volumes of 100% cold ethanol. The mixture was then incubated on ice for 2 h before DNA was recovered by centrifugation at 17,500 ϫ g for 20 min at 4°C. The DNA concentration was measured by fluorimetry using the fluorescent dye 4,6-diamidino-2-phenylindole (DAPI) (5) .
The total carbohydrate content was measured using a modified phenol-sulfuric acid method with glucose standards (11) . Briefly, 50 l of an EPS solution was mixed with 125 l of concentrated sulfuric acid. Then 25 l of 10% phenol was mixed in, and the mixture was incubated in a 95°C water bath for 5 min. The mixture was cooled and transferred into a 96-well plate (BD Biosciences, San Jose, CA). The absorbance at 490 nm was read with a spectrophotometric plate reader (Synergy HT; BioTek, Winooski, VT).
The metal, cation, and the silica contents of the residual AMD solution and the EPS solution were analyzed by inductively coupled plasma atomic emission spectroscopy (ICP-AES). All standards, blanks, and samples were prepared in ultrapure 2% distilled HNO 3 . Internal standards were run each time before the samples were run to correct for machine drift.
Solid-state NMR analysis. Solid-state 13 C nuclear magnetic resonance (NMR) spectra were acquired with a Varian-Chemagnetics Infinity 300 nuclear magnetic resonance spectrometer. The static field of the superconducting magnet was ϳ7.05 T, and the resonance frequencies of 1 H and 13 C were ϳ300 and 75 mHz, respectively. Cross polarization (CP) ( 1 H-13 C) employed an amplitude ramp in the 13 C channel, and magic angle sample spinning (MAS) was performed to optimize the signal. The specific experimental parameters included a proton excitation pulse width of 4 s, a 1 H spin lock pulse and decoupling power (w 1H /2) of 62.5 kHz, a contact time of 4 ms, a recycle delay between acquisitions of 1 s, and a MAS frequency (w r /2) of 12 kHz. The number of acquisitions was 100,000 per sample, with tetramethylsilane as an internal standard.
Glycosyl composition and linkage analyses. Glycosyl composition and linkage analyses were performed by the Complex Carbohydrate Research Center at the University of Georgia (Athens, GA). For glycosyl composition analysis, methyl glycosides were first prepared from a dry sample obtained by methanolysis in 1 M HCl in methanol at 80°C (18 to 22 h), followed by re-N-acetylation with pyridine and acetic anhydride in methanol (for detection of amino sugars) (26, 42) . As an internal standard, 20 g of inositol was added to the samples before derivatization. The samples were then per-O-trimethylsilylated (TMS) by treatment with Tri-Sil reagent (Pierce) at 80°C for 30 min. Gas chromatography-mass spectrometry (GC-MS) analysis of the TMS methyl glycosides was performed with a Hewlett Packard 6890 GC interfaced with a 5975b mass selective detector (MSD), using an All Tech EC-1 fused silica capillary column (30 m by 0.25 mm [inside diameter]). The monosaccharides were identified by their retention times relative to those of standards, and the carbohydrate character of the monosaccharides was authenticated by their mass spectra.
For glycosyl linkage analysis, the EPS samples were permethylated, depolymerized, reduced, and acetylated; the resultant partially methylated alditol acetates (PMAAs) were analyzed by GC-MS as described previously (7). Briefly, aliquots of samples after dialysis were suspended in about 200 l of dimethyl sulfoxide (DMSO) and placed on a magnetic stirrer for 5 days. The samples were then permethylated by treatment with sodium hydroxide and methyl iodide in dry DMSO (7) . Each sample was subjected to the base NaOH for 10 min, and then methyl iodide was added and the preparation was left for 10 min. Additional methyl iodide was then added, and the preparation was incubated for 40 min. The base was then added, and the preparation was incubated 10 min; finally, more methyl iodide was added, and the preparation was incubated for 40 min. The addition of more methyl iodide and the addition of the NaOH base were necessary to ensure complete methylation of the polymer. Following sample workup, the permethylated material was hydrolyzed using 2 M trifluoroacetic acid in a sealed tube at 121°C for 2 h, reduced with NaBD 4 , and acetylated using acetic anhydride-trifluoroacetic acid. The resulting PMAAs were analyzed with a Hewlett Packard 5890 GC interfaced with a 5970 MSD in electron impact ionization mode, and separation was performed using a 30-m Supelco 2330 bonded phase fused silica capillary column.
RESULTS
Description of the microbial community and source of the biofilms. The biofilms used in this study were obtained from the surface of AMD pools at the AB Muck location (29) in May and August 2007. The pH of the AMD solution at the sampling site was between 0.83 and 1.0, and the temperature was between 37 and 41°C. Visual examination and fluorescence in situ hybridization (FISH) analysis indicated that the sample harvested in August represented an early-developmental-stage thin biofilm (developmental stage 1 biofilm [DS1]); this biofilm was dominated by Leptospirillum group II, which accounted for 90% of the population, and there were minor amounts of Leptospirillum group III (3%) and archaea (7%). The sample harvested in May represented a later-growth-stage thicker biofilm (developmental stage 2 biofilm [DS2]) with a more diverse microbial community, including Leptospirillum group II (43%), Leptospirillum group III (28%), and archaea (29%) (9) . FISH analyses have shown that VOL. 76, 2010 EPS FROM AMD BIOFILMS 2917 the biofilm developmental stages have consistent microbial diversity. Different constituents of EPS. The EPS fractions extracted from the two biofilms differed quantitatively and qualitatively. DS1 contained about 150 mg of EPS per g (dry weight) of biofilm, compared with 340 mg of EPS per g (dry weight) for DS2. This indicated that the ratio of EPS mass to cell mass increases as a biofilm matures from DS1 to DS2 and that EPS accounts for a larger proportion of the mass in the later growth stages. We speculate that the high level of EPS in the later developmental stages provides an important substrate for mixotrophic (archaea) and heterotrophic (fungi) organisms that are more abundant in biofilms in later developmental stages (40) . FTIR spectra of EPS extracted from DS1 and DS2 indicated the presence of polysaccharides and nucleic acids (1,300 to 900 cm Ϫ1 ), as well as proteins (1,700 to 1,500 cm Ϫ1 ) (Fig. 1) . The spectra had differences both in shape and in absorbance intensity, indicating that there was variation in the composition and quantity of each individual component. The peaks for both protein and carbohydrate were substantially higher for DS2. Additionally, analysis of DS2 revealed a low level of lipids (2,930 to 2,860 cm Ϫ1 ), whereas the lipid peaks were much smaller for DS1.
Quantitative measurement of individual components of EPS from DS1 and DS2 samples using biochemical methods (see Materials and Methods) indicated that both samples were comprised of carbohydrates, metals, proteins, and small quantities of DNA (Fig. 2) . Metals, the second major constituent of the EPS in these biofilms, showed a pattern similar to that of carbohydrates. Small quantities of protein were detected in both EPS samples, and the values for DNA were the lowest.
Solid-state NMR analysis. Solid-state 13 C NMR spectroscopy also provides a detailed description of the types and abundance of various functional groups associated with the presence of different biomacromolecules. Figure 3 presents 1 H-13 C CP-MAS spectra of dried DS1 and DS2 biofilms. Due to variations in local electronic structure, 13 C in different functional groups resonates at different frequencies (reported as a chemical shift in ppm). Lipids typically resonate in the frequency range from ϳ0 to ϳ40 ppm. Secondary alcohols of carbohydrates resonate in a range of frequencies from ϳ60 to 90 ppm, whereas the glycosidic carbon of polysaccharides resonates at frequencies between 95 and 106 ppm. In the latter case, the resonance frequency of the glycosidic carbon is indicative of the nature of the linkage, i.e., whether the linkage is a linkage through an alpha or beta oxygen. Linkages to beta oxygen resonate in the range from 103 to 106 ppm, whereas linkages to alpha oxygen resonate in the range from ϳ95 to 103 ppm. The presence of peptide in biological samples is prominently indicated by the sharp peak at 173 ppm corresponding to the amidyl carbonyl (Fig. 3) .
The solid-state 13 C NMR spectra presented in Fig. 3 for both DS1 and DS2 samples reveal differences in the relative abun- dance and composition of biomacromolecules present in the biofilms. The most obvious difference between the two samples is the difference in their relative lipid levels and lipid structures; e.g., the prominent lipid peak at ϳ30 ppm in the DS2 spectrum likely indicates a predominance of long-chain hydrocarbons. The fact that these NMR data indicate that DS2 has proportionally 54% more lipid than DS1 is consistent with what is observed in the high-frequency C-H region of the FTIR spectra for these biofilms (Fig. 1 ). Notwithstanding the difference in lipid composition, there is also difference in the secondary alcohol frequency region (65 to 90 ppm) of the carbohydrates (Fig. 3) . The fact that the spectral features are so different can be explained only by a significant difference in the distribution of sugar monomers within the polysaccharides ( Table 1 ). The obvious increase in secondary alcohol intensity relative to the glycosidic carbon intensity in DS2 is consistent with a change in carbohydrate composition toward larger sugars. Finally, there are also some differences in glycosidic resonance (95 to 106 ppm) between DS1 and DS2. In both cases the presence of glycosidic intensity spanning the full range of frequency indicates the presence of both ␣ and ␤ oxygen monomer linkages.
These solid-state NMR data can also provide an estimate of the maximum amount of 4-linked glucopyranosyl segments in the carbohydrate region of the NMR spectra. First, it was noted that there is no evidence in either spectrum for crystalline cellulose, which characteristically exhibits very sharp resonances for the glycosidic carbon and secondary alcohols. Small segments of 4-linked glucopyranosyl units could be present. In order to place an upper limit on the amount of carbohydrate that is in the 4-linked glucopyranosyl segments, we sought to identify how much Gaussian broadened cellulose could fit within the total carbohydrate regions of the NMR spectra. We used 400-Hz Gaussian broadening to simulate the expected nonhomogeneous broadening that noncrystalline 4-linked glucopyranosyl segments would exhibit in a noncrystalline (i.e., amorphous) solid state. This analysis suggested that up to 33 and 36% of 4-linked glucopyranosyl segments could be accommodated in the total (100%) carbohydrate spectral regions of DS1 and DS2, respectively. These estimates provide only an upper limit, and it is likely the percentages of 4-linked glucopyranosyl are less than these values.
Glycosyl composition and carbohydrate linkage analysis.
To further characterize the carbohydrate composition of the EPS samples, a glycosyl composition analysis was performed after acid hydrolysis. A summary of the glycosyl composition of EPS from the DS1 and DS2 biofilms is given in Table 1 . For DS1, the molar percentage of galactose was the highest percentage (ϳ52%) and was more than twice that of glucose (ϳ21%). For DS2, heptose was most abundant carbohydrate (ϳ33%), followed by galactose (ϳ19%). The galactose, heptose, and mannose contents were significantly different for the DS1 and DS2 samples. Interestingly, xylose was detected only in EPS from DS2 and not from DS1, indicating that xylose production is a function of biofilm maturation. It is not clear which organism(s) produces xylose in the DS2 biofilm. Xylose could be secreted by Leptospirillum group II at later growth stage, or its presence could be due to the increase in microbial abundance of Leptospirillum group III or archaeal species in DS2. The increase in xylose production during biofilm development is reminiscent of the previous observation that xylose is produced only in the stationary phase of a Bordetella culture (17) , which may favor the former hypothesis.
Besides the simple sugars detected in the glycosyl analysis, several hallmarks of lipopolysaccharide (LPS), including 3-deoxy-2-manno-2-octulosonic acid (KDO), 3-hydroxylated hexadecanoic acid, and N-acetylglucosamine were detected in EPS from DS2 but not from DS1. The detection of LPS in DS2 is consistent with the results of FTIR and NMR spectrum analyses, in which greater quantities of lipids were observed in EPS from DS2 biofilms ( Fig. 1 and 3 ). In addition, since the amount of KDO detected in DS2 (7.8 mol%) is much greater than the amounts of other components of LPS, it is likely that much of the KDO is associated with the polysaccharides rather than with LPS per se.
Because of the unique environmental conditions of the AMD biofilms, unique features of the structure of carbohydrates in our EPS samples were of immediate interest. Linkage analysis was performed with the EPS from the DS1 and DS2 biofilms ( Table 2) . Consistent with the results of the glycosyl composition analyses, carbohydrate linkage analysis revealed multiple linked glycosyl sugars, and the majority of them were in the pyranosyl form. Furanosyl hexose was also detected; however, the hexose sugars were not specifically identified in our analysis. Based on a comparison with the glycosyl composition analysis results, we estimated that much of the unidentified furanosyl hexose could be galactose. Consistent with the NMR analysis, the linkage analysis showed that more than 50% of the glucose detected was in the 4-linked form, suggesting the presence of cellulose (␤-1,4 glucan). The detection of arabinose in the linkage analysis but not in the glycosyl composition analysis may have been due to the different pretreatments for these two analyses that resulted in different degrees of hydrolysis for arabinose.
Metal composition analysis. Metals extracted from EPS were analyzed, and the relative EPS metal concentrations were compared to the concentrations in the acid AMD solution from which the biofilms were collected (Table 3 ). In general, the relative concentrations of the metals extracted from EPS were similar to those in the corresponding AMD solution. Fe was the most abundant metal, followed by Al, Mg, and Zn.
For the metals analyzed, we found that the concentrations of Si, Mn, and Co varied greatly in the EPS and the AMD solution. The most notable difference was the difference for Si; its concentration in the EPS (ϳ2%) was twice that in the AMD solution (ϳ1%) for both DS1 and DS2. We postulate that this was due to the relatively low solubility of Si in the sulfuric acid-based AMD solution compared to the solubilities of the other metals analyzed and that Si was therefore more likely to be trapped in the EPS matrix. In contrast, Mn and Co were much more concentrated in the AMD solution than in the EPS for both biofilms. For Mn, the concentration in the AMD solution (ϳ0.17%) was twice that in the EPS (ϳ0.08%) for both DS1 and DS2; the concentration of Co in the AMD solution was 10 to 20 times that in the EPS. We postulate that the strong depletion of Co in the EPS could be due to active utilization of Co by microorganisms in biofilms. Consistent with this hypothesis, a previous proteomic study of proteins extracted from these biofilms indicated that many proteins involved in cobalamin biosynthesis were highly expressed (29) . Additionally, cobalamin biosynthesis proteins may also play a role in iron-related metabolism (19) , a critical function of the microbial community in the acid mine drainage environment.
DISCUSSION
In this work, we report on the biochemical composition of the EPS extracted from two biofilms at different developmental stages collected from the same location in the Richmond Mine system. The dynamics of the EPS components that we observed indicate that they are involved in community assembly and suggest that they have particular ecophysiological functions.
The origin of the EPS extracted from DS1 and DS2 was likely to be microbial, based on several observations. First, the layout and geology of the Richmond Mine prohibit influx of excess exogenous organic carbon, and hence, the EPS from DS1 and DS2 biofilms are the result of chemoautolithotrophic primary production (32) . Second, because the EPS studied were formed at the solution-air interface, it is less likely that the biofilm matrix contains as much nonbiological materials as biofilms formed in other places in the environment (e.g., in soils). Third, the biofilms look slimy and are soft in texture, resembling microbial pellicles that form in pure cultures. Fourth, our previous FISH analyses (9) have shown that the biofilm developmental stages have consistent diversity, suggesting that the EPS changes that we observed were likely the result of biofilm development instead of the geological environment.
The carbohydrate-to-protein ratios between 3.0 and 6.0 observed for the biofilms in this study were substantially higher than the previously reported ratios between 0.2 and 1.7 observed for various environmental biofilms or biofilms of individual isolates (6, 22, 28, 33) . However, our results are consistent with the high ratio (ϳ2.5) reported for eukaryote-based AMD biofilms (1), suggesting a property that is unique to the AMD communities. The high carbohydrate-to-protein ratios in the AMD biofilms could be caused by a naturally low protein content. Consistently, the protein contents of both the biofilms used in this study (10 to 15%) and the eukaryote-based AMD biofilms (Ͻ4%) (1) were substantially lower than those reported for other environmental biofilms, which typically are around 50% (6, 22, 28, 33) . The low protein content in the EPS of the AMD biofilms perhaps can be attributed to enzymatic digestion by extracellular proteases and protein degradation under the harsh conditions in AMD. Consistent with these possibilities, proteomic analyses of extracellular proteins have indicated that there are different extents of protein cleavage (18, 34) .
Interestingly, LPS components were detected only in EPS from DS2 and not from DS1, suggesting that the association of LPS with the cell membrane becomes looser during biofilm development. This could be due to the separation of cell wall material from the cell surface by shear forces in the natural environment, suggesting that there is detachment of LPS from the outer membrane during biofilm maturation. However, due to higher cell counts in DS2, we cannot rule out the possibility that the LPS in DS2 may be a result of cell lysis. Components of the outer membrane undergo constant turnover and may be excreted and lost from the cell surface as cells age, which could explain the presence of LPS in the EPS preparation of the DS2 biofilm. Consistent with this, Wrangstadh et al. found that marine Pseudomonas sp. strain S9 produced exopolysaccharides that remained cell bound (integral) at the log phase but were peripheral and lost to the external milieu as cells entered the stationary phase (41) .
Preliminary inspection of the carbohydrate composition of the EPS from DS1 and DS2 revealed some interesting findings. Despite the extreme conditions of the AMD environment, the carbohydrate composition of the EPS resembles the carbohydrate compositions in other microbial systems (24, 38, 41) . However, differences were found when DS1 and DS2 biofilms were compared, which could be related to two factors: (i) the change in the bacterial growth phase for a given species and (ii) the change in the microbial composition for the multispecies biofilms. Consequently, given the diversity in the glycosyl compositions of EPS produced by various microorganisms, it is difficult to predict or justify the specific composition for any given EPS. Similar to the glycosyl composition of EPS produced by microorganisms isolated from paper mill slimes (38, 39) , galactose, glucose, rhamnose, and mannose are present in great abundance in the AMD biofilms. Although xylose has been found in some bacterial EPS, such as Paenibacillus and Idiomarina species EPS (2, 25) , it is not a common sugar residue associated with EPS. A relatively small quantity of xylose, along with several other components of LPS (such as 3-deoxy-2-manno-2-octulosonic acid, 3-hydroxyl C 16 fatty acid, and N-acetylglucosamine), was detected only in DS2, suggesting that xylose may be associated with LPS.
Our use of solid-state NMR and linkage analysis to characterize the polysaccharide composition yielded limited but promising information; a more in-depth analysis of purified EPS fractions is needed to elucidate the structures of the polymers. Also, solid-state NMR unfortunately cannot distinguish between the ␤-O-4 and ␤-O-3 linkages of glycosidic carbon atoms. Nevertheless, the substantial intensity in the highfrequency range of glycosidic carbons is consistent with the presence of ␤ linkages, although not conclusively consistent with the presence of ␤-O-4 linkages associated with cellulose. Furthermore, the presence of 4-linked glucose residues identified by linkage analysis and the observed change in the EPS NMR spectrum before and after cellulase treatment both indicate that cellulose is present in the AMD biofilms (31) . Although it is not clear which constituents of EPS are responsible for pellicle formation in AMD biofilms, we speculate that the presence of cellulose facilitates this formation, similar to the cellulose production in Gluconacetobacter pellicle biofilms (30) . Floatation is critical for the survival of the AMD biofilm community, as the primary producer in the community, Leptospirillum group II, requires molecular oxygen to live.
Besides carbohydrates and protein, EPS from the AMD biofilms also contains substantial amounts of metals, and the amounts range from 23 to 33% of the total EPS dry mass for DS1 and DS2 biofilms. These values are considerably higher than the reported value (Ͻ10%) for previously characterized eukaryote-dominated AMD biofilms (1). The positive correlation of metal content with the amount of carbohydrates in both DS1 and DS2 suggests that the metal absorption capacity is largely due to the presence of carbohydrates in the biofilms. Although the overall metal composition of the EPS closely resembles that of the AMD solution from which the biofilms were collected, it is important to note that the selective binding of certain metals, such as Co and Mn, in the EPS indicates that the EPS matrix plays a role not only in community protection from toxic metals but also in the enrichment of trace elements critical for community survival. The metal-binding capacity of the EPS matrix is likely to be governed by its functional groups, such as carboxyl, phosphate, and sulfate groups, and their ligand-binding preferences for certain metals (35) . More detailed characterization of the EPS functional groups is needed to reveal the exact chemical mechanism of metal binding.
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